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Abstract 
This study demonstrates how a CSP plant with storage, especially one that is based on established technology viz. direct steam 
generation with molten salt storage medium, could be used to optimize the value creation for a plant developer under different 
incentive schemes and DNI. A dynamic model of the power plant is used to calculate yearly output and in-house cost functions 
are used to assess the economic performance.  Based on different incentive schemes assumed, the CSP plant with molten salt 
storage system would be sized a bit differently. The various modes of operation of such a plant and the amount of time spent in 
certain modes changes with the optimum operational scheme. The operational flexibility and controllability of such a system is 
based on proven technology and thus the solution is shown to be adaptable for a variety of geographical conditions and incentive 
schemes.   
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1. Introduction 
Tower central receiver power plants using direct steam generation are robust, efficient and based on proven 
technology relying on many years of boiler and HRSG (Heat Recovery Steam generator) experience. Integrating 
such plants with molten salt energy storage requires the use of an innovative turbine solution [1] and [2].  This 
allows a full load turbine discharge which is otherwise not possible with standard reaction turbines. This solution is 
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characterized by a very high efficiency during normal operation of the receiver as the highest live steam conditions 
in CSP plants are possible. Other methods of using storage from direct steam plants, involve the use of phase change 
materials or concrete[3-5]. One current challenge with these solutions apart from their existence only at demo or lab 
scale, is that the discharge pressure is quite low and live steam parameters are difficult to control. The reliability and 
relative ease of being able to use a CSP cycle on direct steam generation should not get affected due to the storage 
system integration. It is for that reason that the proven molten salt storage with which there is extensive industrial 
experience is integrated with a direct steam CSP plant. Other solutions have also been proposed, for instance [6].  
Large scale CSP plants offer the fastest pathway to low cost of renewable electricity once the installed base 
reaches a critical mass, offering high localization and efficient supply chains. Regulators therefore seek to increase 
the installed base of CSP plants.  Regulators and government authorities understandably desire to develop incentive 
schemes that would trigger technology providers to offer CSP plants with storage in order to fulfill certain demand 
requirements.  On the other hand, power plant developers and operators would enter the market only if the incentive 
scheme would provide profitability throughout the life of the plant. Incentives are often in terms of a flat feed in 
tariff (FIT), for CSP supplied electricity. This FIT could also vary as per the time of the day depending on the power 
purchase agreement (PPA).  
Of late, the governments and developers in many countries are looking to CSP for meeting their peak electricity 
demand by leveraging thermal energy storage. Most countries tend to have high electricity price peaks for 3-5 hours 
after sunset. It is for that reason that a CSP operator would be remunerated at a higher level for the electricity 
produced during the peak hours. Thus, the sizing of the plant is somewhat influenced by the number of hours to 
produce this high value electricity from storage. On the other hand, due to various regulations, land constraints, grid 
connection capacity and investment constraints, the regulators also cap the maximum power or solar field size. The 
current study shows the various plant operation modes, operation profiles and value creation possible by the plant 
integration concept based on proven technological components for such example incentive schemes.  
 
Nomenclature 
TES Thermal energy storage 
FIT Feed in tariff 
HPH High Priority Hours, when electrical prices are higher than the normal  
LPH Low Priority Hours, when electrical prices are at the standard FIT rate 
DNI Direct Normal Irradiance 
PPA Power Purchase Agreement 
LCOE Levelised Cost of Electricity 
LCOEadj Levelised Cost of Electricity adjusted by the apparent difference in value of electricity produced during 
high priority hours compared to the rest of the day 
 E Electrical Energy produced 
KCAPEX Total Investment Cost 
KO&M Yearly Operations and maintenance cost 
 r Interest rate or discount rate 
 n number of years of plant operational life 
ST Steam Turbine  
HP High pressure module of steam turbine 
IP Intermediate pressure module of steam turbine 
LP Low Pressure module of steam turbine 
G Generator 
Cond Condensor 
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1.1. Incentive Schemes and Assumptions 
Table 1. Parameters varied in sizing study considered for CSP with storage under different DNI and constraints 
Parametric Space investigated   
Locations Daggett, CA Geraldton, WA, Australia 
DNI per yr (kWh/m2) 2789 2200 
Incentives for storage in both 
locations 
Higher PPA price during 
20:00-23:00 (‘night’)  
Higher PPA price during 17:00-21:00 
(‘evening’) 
Ratio (PPAHPH/PPALPH)  2  This means, electricity during high 
priority hours is twice as valuable than 
at other times 
 
For the sake of the study and to limit the number of variables being changed in a parametric sweep only two 
values of the variables (DNI and Incentive scheme) are used. The difference in incentive scheme with the DNI is 
shown in Fig. 1. The number of hours is roughly similar.  
 
 
Fig. 1. Hours demarcated as ‘High Priority’ for evening (17:00-21:00) or night (20:00-23:00) are represented on the solar power profile for a 
winter week for Daggett. For summer the overlap of high priority evening hours with solar hours is higher than in winter. 
1.2. Assumptions and Figures of Merit 
The LCOE is calculated as a proxy for the value creation even taking into account the additional revenue incurred 
due to selective production during the high priority hours. The LCOE is adjusted based on the power production 
during HPH and LPH. Incentives are defined in a way that the PPA price paid to the plant operator is a certain 
fraction higher than that at LPH. As LCOE is a well-known quantity and can readily be used to assess economic 
payback, it is sought to capture the added value from flexible storage operation by recasting the economic value of 
the plant under different incentive schemes in the form of the well-comparable LCOE. This adjusted LCOE will be 
denoted as LCOEadj. It is calculated as follows: 
 
ܮܥܱܧ ൌ ൬
ೝሺభశೝሻ೙
ሺభశೝሻ೙షభ൰௄಴ಲುಶ೉ା௄ೀƬಾ
୉ೌ೏ೕ
         (1) 
ܧ௔ௗ௝ ൌ ቀ௉௉஺ಹುಹ௉௉஺ಽುಹ െ ͳቁܧு௉ு ൅ ܧ்௢௧௔௟ǡ௡௘௧       (2) 
The LCOE is normalized for all the plant configurations with storage by the LCOE for a comparable size plant 
and DNI without storage. 
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2. Turbine Integration Concept 
State-of-the-art, highly efficient steam turbines based on reaction blading technology are designed with fixed 
geometry, i.e. the blade path design is optimized for a specific steam volume flow (also referred to as swallowing 
capacity) [7].  In part load the turbines operate in sliding pressure for best efficiency. When combining a direct steam 
solar receiver with a conventional two-tank molten thermal energy storage system, the live steam pressure during 
TES discharge operation is considerably lower than during direct production due to pinch point losses in transferring 
heat from a phase change medium (water-steam) to a sensible heat medium (molten salt), (see [1] for details). The 
heat exchanger train during charge results in a fully condensed water conditions and an additional condensate 
recovery pump is used to get the pressure same as the feedwater going to the tower. Alstom has developed a turbine 
solution to achieve nominal rated power output with the reduced steam parameters during TES discharge. During 
TES discharge, the steam is injected into the turbine at a section downstream of the HP inlet. During direct 
production this section operates at a lower pressure than TES discharge. This way the mass flow through the turbine 
section downstream the injection is increased compared to direct production mode as shown in Fig. 1. The plant can 
operate in zero net loads even while the turbine is spinning. This allows the plant to instantly provide full power as 
soon as the high priority hours are initiated.  
 
 
 
(a) 
 
(b) 
Fig. 2. Turbine integration concept to allow full load discharge (a) charging; (b) discharging, red line indicates active flow path during each mode 
Alstom has experience with turbines with HP bypass operation. It was often a standard practice to start-up the 
steam turbine via the IP and LP section, whilst keeping the HP section in bypass operation for extended periods. 
Based on this experience, proven solutions are available.  
2.1. Calculation Methodology 
The solar Direct Normal Irradiance (DNI) data is obtained from Meteonorm for the site of Daggett, California and 
Geraldton in Australia. The solar field performance is based on BrightSource technology. The central tower receiver 
where steam is produced is designed using Alstom proprietary tools and correlations. A performance map based on 
its load, wind velocity and incident fluxes can also be derived. The size in terms of dimensions and power of the 
receiver is fixed for this study.  The molten salt-steam heat exchangers and auxiliaries are modeled along with the 
entire preheating, condensing and steam turbine train in Alstom proprietary tools for power plant optimization and 
integration called ALPRO. The various size modifications in terms of turbine power vis-à-vis storage size can be 
modified via implementation of parameterized performance maps. The part load and startup operation of the turbines 
along with important operation modes like low load ‘parking’ operations and switchover transients can all be 
modeled coherently. The integrated calculation is put together using performance maps in TRNSYS, a dynamic 
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simulation tool.  A schematic summarising the functional blocks is shown in Fig. 3.  The energy production is 
aggregated based on the time of the day it is produced, namely, during the high priority hours corresponding to an 
incentive scheme or otherwise. The energy budget based on where the energy is used and how much for the whole 
year. The number of hours for which a certain mode is operated is also calculated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Schematic of overall CSP system calculation based on component and sub-system based performance maps. Calculated in TRNSYS and 
proprietary in-house tools 
2.2.  Modes of Operation of the integrated CSP plant 
In order to achieve the best dynamics from the steam plant control and optimum usage of the energy storage, the 
entire power cycle is managed based on established procedures from the conventional steam plant technology. The 
use of conventional technology necessitates that for simple and reliable operation the plant runs in certain 
differentiated operation modes (so called, as the live steam pressure and temperature conditions are different).  
The operation modes and their description are as follows: 
 
1. Direct production mode: During the time when either there is not enough excess solar power collected or 
the molten salt storage is full, then the steam generated in the receiver is directly sent to the steam turbine to 
generate electricity. In this mode, the receiver could be running at full load or part load and correspondingly 
the steam turbine would also operate in sliding pressure 
2. Production with charge mode: The second mode is the one in which the steam turbine is running at full 
load and the excess superheated steam generated in the receiver is diverted to charge the molten salt tanks 
through a heat exchanger.  The pressure levels of the live steam are maintained the same without any 
throttling, as the molten salt heat exchanger is controlled by reducing the heat extraction from the steam 
turbine.  
3. Discharge Production: This mode is activated when the steam turbines are run from the heat generated by 
the molten salt storage. The HP casing of the steam turbine is bypassed while the steam is injected directly 
into the IP casing to allow full load discharge. As the discharge live steam pressure is lower due to lower 
temperature during discharge, the steam cycle operates at a different pressure condition. The changeover 
from one mode to the other is simply manipulated by opening and closing the steam valves in the system. 
Turbine 
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Performance Maps 
for heliostat field 
efficiency 
Performance Maps 
for tower central 
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DNI, Solar 
angles  
Hourly Electricity output during high and 
low priority hours 
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4. House Load Operation: Often due to incentive schemes or to provide capacity and ancillary services, it is 
desirable to keep the steam turbine spinning but not producing power, in a so called zero-net-load. When 
discharge is required many hours after sun-down according to the incentive scheme or a rapid startup is 
needed early in the morning after running the plant late into the night, it is desirable to park the plant but still 
keep the turbine spinning so that the minute the high incentive hours kick in, the plant can provide full 
power. In this case, the small amounts of thermal energy needed to keep the turbine spinning and 
synchronized but not producing any net electricity, can even be produced from the stored thermal energy in 
the molten salt tanks.  
3. Annual Performance Results 
3.1. Optimal Sizing 
Incentive 
Scheme 
Daggett, High DNI =2789 kWh/m2 Geraldton, Low DNI =2200 kWh/m2 
Evening 
HPH 
1700-
2100 hrs 
 
(a)  (b)  
Night 
HPH 
2000-
2300 hrs 
 
(c) 
 
(d) 
Fig. 4.  Influence of DNI and high priority hours on the optimum field size and storage hours for a direct steam receiver plant with storage. 
Adjusted LCOE is compared to that with no-storage but the same plant size and DNI conditions.   
Due to the cost factors that drive the economics of a CSP plant, the main sizing parameters are the solar field size 
and the size of the energy storage, i.e. molten salt tanks.  In this study the receiver size and power block size is 
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considered fixed and hence using the standard solar multiple definitions would also show the same trends. The 
optimal size is one for which in a whole year the adjusted LCOE as described in Eq. (1) has the maximum reduction 
compared to a no-storage case. The optimum solar field power capacity typically exceeds that of the receiver (Field 
Powermax/Receiver Power > 1) to reliably increase the number of full load operating hours of the receiver and turbine 
as well as the discharge hours. Up to a certain value, the value of the additional net electrical production achieved by 
this over-sizing will outweigh the dumped energy in those hours when part of the field is unused. This sizing takes 
into account the costs and efficiencies of large fields as well and is shown in Fig. 4. As two different incentive 
schemes are assumed and two different DNIs the sizing selection according to field size and maximum energy 
storage hours is shown. The evening incentive scheme, shown in Fig. 4 (a) and (b)  allows for some of the High 
Priority Hours production to come from the direct solar production, especially during summer as the sun sets later in 
the evening and the molten salt discharge can be switched on smoothly once the solar radiation falls below a certain 
level. Thus, the optimum number of storage hours is lower than for the night incentive scheme. 
Fig. 4 (c) and (d) shows the sizing for the night incentive scheme, where all the three hours of discharge would be 
required well after sunset. Here, the optimum number of storage hours is larger (around 5-6 hours). This is so 
because, firstly there is no contribution from the direct production from solar energy and secondly, because of the 
economics of the storage cost, the additional ca 1 discharge hour helps to lower LCOE even producing electricity 
after the high priority hours into the night. A small amount of stored thermal energy is also used to maintain the 
turbine in standby spinning zero-net-load operation after sunset until the high priority hours kick in. The optimum 
size of the field is strongly affected by the DNI, which is expected as higher DNI areas would need fewer mirrors to 
capture the same amount of energy. It is important to note, that irrespective of the DNI, the optimum solution 
provides similar relative adjusted LCOE reductions under different incentive schemes.    
3.2. Time resolved operation under different incentive schemes 
The time resolved operational profile under the two different incentive schemes is shown in Fig. 5. The plant 
operation in Fig. 5 (a) and (b) shows the night incentive scheme and evening incentive scheme respectively. The 
storage is sized large enough that not only does it meet the high priority hours but also some hours after that. The 
variation in the power output through the day is due to the variation in the ambient temperature as the power output 
changes due to the use of an air cooled condenser.  The evening incentive scheme is sized with a smaller tank size 
since part of the priority hours are fulfilled by direct production as the sun is setting. The day time operation is 
almost the same for both the cases. 
3.3. Average daily discharge hours 
The optimally sized CSP plant configurations are compared for the number of discharge hours in a day by DNI 
and incentive scheme. A CSP plant performs a daily charge-discharge cycle, with a priority to run full load during 
the day time hours. A predictive management system could surely enable the plant running at part loads during the 
day to completely fulfil the high priority hours in the night. The current results show the baseline case showing the 
bare minimum in terms of discharge hour fulfilment. The economic optimum can be even higher if smart operation 
based on solar forecast is considered 
Fig. 6 (a) shows the sorted time series of the DNI in the two locations considered normalized by the maximum 
daily DNI in Daggett. The amount of electricity that can be produced directly and through discharge depends on 
daily sunshine that can be collected. The seasonal variation of the DNI is visible in the time series as in summer a 
large amount of radiation per day could be collected while in winter there could be multiple days with very low 
sunshine. In those cases it would therefore not be possible to guarantee a specific number of discharge hours every 
day. The number of daily discharge hours for the optimally sized plants are shown for both locations and incentive 
schemes in Fig. 6 (b). At Daggett due to the large DNI, it is valuable to have a larger (6 hours ) tank to benefit from 
the ‘night’ incentive scheme, while with an ‘evening’ incentive scheme a smaller tank size is more economical. The 
number of priority hours for an evening incentive scheme is 4, but due to the overlap with direct production, if 3 
hours are discharged most of the year per day it is sufficient.  
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(a) 
 
 
(b) 
Fig. 5. Time series of plant operation in different modes during (a) night priority hours (b) evening priority hours scheme for the location in 
Daggett and a well sized plant 
For a low DNI location (Geraldton), even though the tank is sized for 5 or 4 hours for night and evening incentive 
scheme respectively, there will be atleast 50 days in a year when enough solar energy is not collected to discharge 
for more than 2 hours. The lower remuneration from not meeting the incentive all the day should be balanced by the 
additional cost of solar field and larger tank size. The method for sizing shown in this study allows for such 
economic optimisation. 
3.4. Duty Profile for different operation modes 
In traditional power island design, the power cycle is optimized in terms of pressures, temperatures and mass 
flows for the design point. In a CSP plant with storage, the steam cycle contributes to efficient operation during 
various modes of the operation. It is therefore preferable to design the cycle for the conditions that would be present 
most often in a year in order to maximize the value of the plant. The share of the total electrical energy produced per 
year at different steam turbine loads and the three main operating modes is shown in Fig. 7 for a well sized plant. 
This histogram is more or less the same irrespective of DNI and incentive scheme. The plant produces most of the 
energy in the charging mode and that too at full load or close to full load. An air-cooled condenser is assumed and 
hence the power also changes slightly with ambient temperature. The steam turbine does not operate much in part 
load hours in the direct production mode. This plot underscores the stable power output under varying solar 
conditions that a CSP plant can provide. Most of the energy is produced at its rated power even at discharge. This 
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should be contrasted with photovoltaic plants which almost never produce continuous power at rated AC capacity. 
The yearly distribution of solar thermal energy consumed under different modes of operation for a ‘night’ incentive 
scheme is shown in Fig. 7 (b). The normalized thermal energy that is consumed or absorbed by the plant under 
different modes of operation is shown concurrently with the actual number of normalized hours under that operation. 
Direct production shows less energy share but more hours, indicating production mainly in part loads when solar 
radiation is low. Most of the energy is consumed in the charging mode, for producing electricity as well as storing 
the excess. The discharge production where energy is consumed from the thermal energy storage has similar energy 
and hour contribution. The standby operation mode, in which the plant is ‘parked’ while still spinning shows that 
even though in a year, the plant operates in that mode for many hours (while waiting for the incentive hours to start), 
the actual thermal energy consumed is a miniscule fraction. This efficient mode of operation enhances the 
operational flexibility and value creation potential of the plant. 
 
 
 
 
 
 
    
 
 (a) 
 
(b) 
Fig. 6. Sorted time series data arranged on a per-day basis for (a) Normalised DNI showing the DNI distribution between the high (Daggett) and 
low (Geraldton) DNI sites considered (b) number of daily discharge hours for the optimally sized CSP plant configuration corresponding to the 
incentive scheme proposed.  
1106   V. Aga et al. /  Energy Procedia  49 ( 2014 )  1097 – 1106 
(a) Energy Produced 
(b) Thermal energy consumed 
Fig. 7. The duty cycle of a well sized power plant in different operation modes for a night incentive scheme is shown. (a) The energy share 
produced at different steam turbine loads (based on discharge power) for the different modes (b) A comparison of the amount of solar energy 
expended and the number of hours in a year for which that mode is operational to generate electricity in the different modes as well to maintain 
stand by operation for a quick response. 
4. Conclusions 
A direct steam plant with molten salt storage allows a project developer to take maximum advantage of incentive 
schemes under a variety of conditions, with a proven turbine integration solution. Due to the large industrial 
experience of the molten salt storage and solar direct steam generation for use in power cycles based on conventional 
steam plants operation and design, the risk is controlled. Full power during discharge is obtained from the molten 
salt storage due to the novel turbine integration solution described here. The solar field and storage tank size sizing 
depends on the DNI at the site and the time period during the day when the after-sunset energy production is valued 
more than the other times. The actual number of daily discharge hours at full load depend on the solar DNI collected 
during the day and hence there are seasonal variations in the maximum discharge hours. The cost of extra storage 
has to be set against the value of the stored energy fed into the grid. Most of the time the plant operates in a full 
charging mode of operation and the steam plant characteristics are optimized to provide best performance according 
to this operation. A well sized field will allow close to full load discharge most of the time in the year in varying 
DNI conditions, maximizing energy yield. For incentive schemes which require discharge of electricity a couple of 
hours after sunset, the turbine integration solution described here allows very efficient zero-net-load standby 
operation which allows quick turbine ramp up to meet priority hour production after producing electricity the entire 
day. The thermal energy can be extracted from the storage in this case.  All the switching modes and control systems 
to operate a direct steam generation based plant efficiently with molten salt storage are based on decades of 
experience of conventional steam plant technology, thereby reducing risk and increasing bankability of such a 
system. Furthermore, this turbine integration solution can be applied to a host of other CSP technologies based on 
direct steam generation like linear Fresnel and trough plants as well.      
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